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Magnetotransport in structures based on NbSe3, Bi2Sr2CaCu2O8 + x, and graphite has been examined. The
stimulation of the charge density wave gap by a high magnetic field in NbSe3 has been detected and studied
using interlayer tunneling spectroscopy. It has been shown that this stimulation is of orbital character and the
effect of the Zeeman splitting of the ground state of the charge density wave on this stimulation has been ana
lyzed. The second harmonic of the gap singularity of the charge density wave in tunneling spectra, which is
associated with the cascade relaxation of quasiparticles with the excess energy 2Δ. The effects caused by the
interaction between Josephson vortices and Abrikosov vortex filaments have been studied on
Bi2Sr2CaCu2O8 + x mesas. Studies of the magnetoresistance of thin graphite with nanoholes reveal a signifi
cant contribution to the magnetotransport from Dirac fermions and provide experimental evidence of the
existence of edge states around nanoholes.
DOI: 10.1134/S002136401118007X

1. INTRODUCTION
This work is devoted to the study of coherent effects
in materials with reduced size using various nano
structures. We study three classes of layered materials,
including
hightemperature
superconductors
(Bi2Sr2CaCu2O8 + x), materials with a charge density
wave (NbSe3), and graphite. The most general investi
gations for all of these materials were associated with
interlayer tunneling spectroscopy on mesatype struc
tures, where transport occurs across layers in the
region of small lateral sizes. In addition, we studied
structures containing nanoholes (column defects),
including nanometerthick graphite samples with
thicknesses varying from a few dozen to just a few
graphene layers. We discuss the experiments on the
interlayer tunneling spectroscopy of a state with a
charge density wave in NbSe3, some new effects
caused by the interlayer Josephson interaction in
Bi2Sr2CaCu2O8 + x, and quantum interference effects
due to the contribution from Dirac fermions in thin
graphite single crystals.
2. INTERLAYER TUNNELING
SPECTROSCOPY OF NbSe3
Using interlayer tunneling spectroscopy, we previ
ously examined the temperature dependence of the
charge density wave energy gap in NbSe3 and oTaS3
[1, 2], studied the interaction between two charge den
sity waves coexisting in NbSe3 at low temperatures [3],
and revealed intragap states in NbSe3 [4, 5]. In recent
experiments, which will be reported below, the spec
troscopy of the charge density wave energy gap in
NbSe3 was used for measurements in high magnetic

fields [6] in the temperature region of fluctuations of
the charge density wave above the Peierls transition
temperature [7] and the features of tunnel spectra in
the energy region of the double energy gap were ana
lyzed.
2.1. Spectroscopy of the Charge Density Wave Gap
in NbSe3 in High Magnetic Fields
The idea that a magnetic field can suppress pockets
of the Fermi surface in which carriers that are not con
densed in the charge density wave are localized was
first proposed more than 25 years ago by Balseiro and
Falicov [8] when they examined the experimental
detection of the anomalously large magnetoresistance
in NbSe3 at low temperatures [9]. Gor’kov and Lebed
[10] proposed the mechanism that explains this phe
nomenon by the fact that the magnetic field suppresses
the motion of uncondensed carriers transverse to the
wavevector of the charge density wave and makes it
closer to uniform. Zanchi, Bjelis, and Montabaux [11]
calculated the magnetic field dependence of the
Peierls transition temperature. At small nesting imper
fection parameters, the dependence exhibits an initial
increase, a maximum, and then a decrease. In other
words, the theory developed in [11] predicted the pos
sibility of inducing a state with the charge density wave
by the magnetic field above the Peierls transition tem
perature Tp. The effect is manifested at the field scale
H ≈ kTp/μB, where μB is the Bohr magneton. For
NbSe3 with Tp = 59 K, this field is about 60 T. We
attempted to study this effect on NbSe3 mesas using
interlayer tunneling spectroscopy in pulsed magnetic
fields [6].
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Fig. 1. (a) Threedimensional diagram of tunnel spectra of the NbSe3 mesa at various magnetic fields (H || a* at T = 65 K.
(b) Field–temperature phase diagram of the fieldinduced charge density wave.

The experiments were carried out at the National
Laboratory of Pulsed magnetic fields (Toulouse,
France) with magnetic fields up to 55 T and a pulse
duration of 300 ms. We developed a fast datacollec
tion system at a frequency of 5 MHz that ensured the
possibility of recording more than 1000 spectra per
pulse. The magneticfieldinduced state with the
charge density wave above Tp was actually detected.
Figure 1a shows a series of tunnel spectra recorded at
a fixed temperature by 5 K above Tp2. At zero magnetic
field, gap features of the hightemperature charge
density wave can be seen at V = 140 mV and gap fea
tures of the hightemperature charge density wave at
T > Tp2 merge and form a wide maximum at zero bias.
According to the figure, an increase in the field at H ≥
3 T is accompanied by the appearance of gap features,
which indicate that the charge density wave energy gap
appears under the action of the field. The amplitude of
the gap feature of the hightemperature charge density
wave increases with the field. Similar measurements at
various temperatures can provide the phase diagram of
the fieldinduced state with a charge density wave.
This diagram is shown in Fig. 1b by the shaded (green
online) region. The boundary of this region is the
Tp(H) dependence; it has a nonmonotonic character,
which is similar to that predicted theoretically with a
maximum at H ≈ 30 T. An increase in Tp by 30% is
achieved at the maximum. Since this effect is associ
ated with the motion of uncondensed carriers in the
plane of the layer, it should be the orbital effect.
Indeed, comparative measurements in the perpendic
ular and parallel fields (Fig. 2) indicate that the effect
exists only for the perpendicular orientation of the
field. The presence of the maximum of Tp(H) is attrib
uted to the competition between the orbital effect and

Pauli effect on the charge density wave energy gap.
When the charge density wave is formed, electrons and
holes with the total pulse 2pF with parallel or antipar
allel spins are paired. In zero field, the charge density
wave state is degenerate with respect to the orientation
of the spins. With an increase in the field, the subband
with spins oriented along the field is shifted towards
higher energies, which corresponds to an increase in
kF for this subband, whereas the subband with antipar
allel spins is shifted towards lower energies and the
corresponding kF value decreases. This leads to the
destruction of the initial state with a charge density
wave with a wavevector of 2kF and, correspondingly, to
a decrease in Tp in fairly high fields. According to our
experiments, the Zeeman splitting effect begins to
dominate in fields higher than 30 T, which corresponds
to the condition 2μBH > 60 K. A temperature of 60 K
corresponds to the energy kTp of the phase ordering of
the charge density wave across the chains. Thus, the
suppression of the fieldinduced stimulation of the
charge density wave begins under the condition
2μBH > kTp or H > kTp/(2μBH), which is very close to
the numerical calculation reported in [11].
To summarize, we have revealed the stimulation of
the charge density wave energy gap above the low
Peierls transition temperature and showed the orbital
character of this effect. The magnetic field depen
dence of the Peierls transition temperature has been
determined from measurements. It has been shown
that the effect is limited by the Zeeman splitting of the
ground state.
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Fig. 2. Tunnel spectra for the magnetic fields (from top to bottom) 0, 4.9, 9.8, 14.7, 19.7, 24.4, 29.3, 34.4, 39.1, 44, 48.9, and
53.7 T (a) transverse and (b) parallel to the layers.

Fig. 3. (a) Interlayer tunnel spectra of NbSe3 in the temperature range of 140–300 K. (b) Temperature dependence of the con
ductivity σZBCP at zero bias divided by its value at T = Tp.

2.2. Spectroscopy of the Peierls State
above the Transition Temperature
As was mentioned above, the gap feature of the
density of states above Tp merge and form a wide max
imum. This maximum determines the excess density
of states at the Fermi level in the fluctuation region. We
examined the temperature evolution of this maximum
above Tp1 (Fig. 3a). Evolution is observed up to very
high temperatures (~250 K), which is twice as high as
T1 [7]. This result is in agreement with the Xray dif
fraction data [12], according to which fluctuations in
the charge density wave in NbSe3 were observed at
temperatures 150 K higher than Tp1. A similar fluctua
tion peak is also observed above the lowtemperature
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Peierls transition temperature. It was shown that the
height of the peak divided by its value at Tp and σZBCP
is a universal function of the reduced temperature
T/Tp. For both charge density waves, σZBCP ∝ (T/Tp)–1
(Fig. 3b), which indicates the universality of the
behavior of the density of states in the fluctuation
region.
2.3. Second Harmonic of the Gap Feature in NbSe3
A detailed analysis of interlayer tunnel spectra in the
hightemperature superconductor Bi2Sr2CaCu2O8 + x
indicates not only the main gap feature at the bias
V = 2Δ/e, but also weak harmonic features at biases
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Fig. 4. (a) Interlayer tunnel spectra of NbSe3 in the temperature range of 110–145 K. Arrows mark features at the bias voltage
V = 4Δ/e. (b) Temperature dependences of the gap peak at V = 2Δ/e and feature at V = 4Δ/e.

V = n ⋅ 2Δ/e for n = 2, 3, … [13]. This effect was
explained by the fact that the tunneling of a quasipar
ticle with an excess energy in the transition at biases
V > 2Δ is simplified if the quasiparticle transfers this
energy to a phonon (or to a photon) because of the
high density of empty states near the edge of the gap.
Since the system contains many phonons with an
energy of 2Δ due to recombination processes, the tun
neling probability increases for quasiparticles with an
excess energy of 2Δ. When the excess energy of the
quasiparticle is 4Δ, similar twophoton processes are
possible, etc.
Similar processes can be expected in the case of
tunneling in the system with a charge density wave
with a gap in the excitation spectrum and with the
divergence of the density of states near the edge of the
gap. We conducted a detailed analysis of the interlayer
tunneling spectra in NbSe3 near the upper Peierls
transition that revealed these features (Fig. 4).
3. COHERENT EFFECTS IN LAYERED
HIGHTEMPERATURE SUPERCONDUCTORS
Layered hightemperature superconductors are
specific because of the presence of twodimensional
superconducting layers that are separated by insulating
layers and connected by the Josephson interaction.
This medium can be considered as a sequence of inter
layer Josephson junctions the behavior of which is also
determined by the twodimensional character of
superconductivity in the layers. In the magnetic field
transverse to the layers, vortex filaments of plane (two
dimensional) Abrikosov vortices appear, which are
structured into a filament in different layers due to the
magnetic and Josephson interaction [14]. Since these
interactions are weak, the Abrikosov vortex filament in

layered hightemperature superconductors is soft.
Josephson vortices with the centers in the insulating
layers appear in this system in the parallel field [15].
Since the motion of this vortex is not required, the
destruction of superconductivity in the core region
unlike the case of Abrikosov vortices, Josephson vorti
ces can move very rapidly. As a result, interest in these
vortices has increased because of their potential appli
cations in fast electronics. Below, we consider two
effects caused by the interaction between these differ
ent types of vortices in layered hightemperature
superconductors.
3.1. Test of the Interaction between Vortex Filaments
and Josephson Vortices through ColumnLike Defects
Vortices of the same type, Abrikosov or Josephson,
repulse each other. Abrikosov vortex filaments are
attracted to Josephson vortices and tend to intersect
them [16]. This circumstance was used to visualize
Josephson vortices by Abrikosov vortex filaments [17].
It was theoretically shown that Abrikosov vortex fila
ments at the intersection point are locally polarized by
superconducting currents circulating around a
Josephson vortex (Fig. 5a) [18]. This polarization can
be considered as a measure of the attraction of vorti
ces. The characteristic length of local polarization in
the plane of the layers is about λab [16, 18]. We pro
posed and implemented the experimental test of this
mechanism by introducing column defects in the
direction of the c axis [19]. In the first approximation,
the column defect can be considered as a hollow cyl
inder with a diameter of D that is smaller than λab by a
factor of 30 and is larger than the size of the vortex core
ξ by a factor of 2–3. For this reason, the column defect
is the efficient pinning center for the Abrikosov vortex
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Fig. 5. Schematic of the Abrikosov vortex filament and
(JV) Josephson vortex (a) at the point of their intersection
and (b) under the pinning of the Abrikosov vortex filament
on (CD) columnlike defect.

filament. The polarization of the Abrikosov vortex fil
ament in the columnlike defect is strongly limited
(Fig. 5b) and, correspondingly, the interaction
between the Abrikosov vortex filament and Josephson
vortex should be strongly suppressed. This interaction
was experimentally studied in the regime of the sliding
of the lattice of Josephson vortices on mesatype
structures. At a given current, the voltage on the mesa
VJff is proportional to the velocity if the lattice of
Josephson vortices. The appearance of Abrikosov vor
tex filaments in the system, which interact with
Josephson vortices, strongly reduces the velocity if the
lattice of Josephson vortices, which leads to a decrease
in the voltage. Figure 6 shows the dependence of the
voltage VJff (or the resistance RJff at a given current) on
the deviation angle from the parallel orientation of the
field, which is proportional to the transverse compo
nent of the field at small angles. The lower points (blue
in the online version) correspond to the sample with
out columnlike defects. The sharp decrease occurs at
angles corresponding to the fields Hc1 of the introduc
tion of Abrikosov vortex filaments marked as H0 in
Fig. 6. The upper points (red in the online version)
correspond to the sample after the introduction of col
umnlike defects. The concentration of defects c was
3 × 108 cm–2 and corresponded to the equivalent field
He = cΦ0 = 62 Oe. As can be seen, the introduction of
defects does not affect the velocity of the lattice of
Josephson vortices because the resistance at zero angle
(exactly parallel orientation of the field) changes only
slightly. The most important result is that a decrease in
the RJff(ϑ) dependence in the case of the introduction
of columnlike defects occurs at angles corresponding
to the fields at which all columnlike defects are filled
with vortex filaments, H1 = H0 + He. This means that,
in fields H0 < H < H1, when an increase in the field is
accompanied by the filling of columnlike defects by
Abrikosov vortex filaments, they slightly moderate the
lattice of Josephson vortices because their polarizabil
ity is strongly suppressed by the boundaries of the col
umnlike defect. All columnlike defects are filled
JETP LETTERS

Vol. 94

No. 6

2011

Fig. 6. Angular dependence of the reference in the regime
of the motion of the lattice of Josephson vortices in the Bi
2212 mesa (lower points, blue in online version) before
and (upper points, red in online version) after the intro
duction of columnlike defects. Zero angle corresponds to
the magnetic field parallel to the a axis H|| = 1 T. The trans
verse field component is H||sinϑ. The vertical lines mark
the sharpest fall in the corresponding angular dependences
RJFF(ϑ) for the parameters I = 60 μA and T = 45 K. The
concentration of the columnlike defects is c = 3 ×
108 cm–2.

when the field reaches H1. For this reason, with a fur
ther increase in the field, the formation of Abrikosov
vortex filaments between columnlike defects begins.
Their polarization is not limited by defects; for this
reason, the strong interaction with Josephson vortices
appears, decelerates the lattice, and strongly reduces
the resistance. The experiments under consideration
clearly indicate that the interaction of the Josephson
vortex with an Abrikosov vortex filament is determined
by the polarization [19].
3.2. Coherent HighFrequency Response of Interlayer
Josephson Junctions in Weak Transverse Fields
We also studied the interaction between two types
of vortices under the conditions of a highfrequency
subterahertz pump. The response of the current–volt
age characteristics of mesatype structures to the high
frequency field in the presence of the transverse mag
netic field was experimentally studied. It was shown
that the magnetic field is responsible for the coherent
response of the Shapiro steptype in the current–volt
age characteristics of mesas [20] (Fig. 7). The response
is of a collective character because the position of each
Shapiro step corresponds to the synchronization of all
100 elementary junctions of a mesa. The number of
harmonics of the main Shapiro step increases with the
radiation power. Unlike the response of the standard
Josephson junction [21], where the amplitude of the
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Fig. 7. (a) Current–voltage characteristics and (b) corresponding differential characteristics for the power referenced to 1 mW of
100GHz external radiation (from bottom to top) –3.03, –1.15, 0.55, 2.23, 3.35, 4.41, 5.46, 6.36, 7.27, 8.17, 8.90, 9.63, 10.36,
10.93, 11.50, 12.07, 12.64, 12.88, 13.12, 13.44, 13.83, 14.23, 14.63, and 15.03 dBm. The curves were obtained at T = 5 K and are
shifted along the vertical axis.

harmonic step decreases with an increase in its num
ber, the amplitude of the last observed step is maximal
at a given radiation power. Its position in V is propor
tional to the square root of the incident radiation
power.
The observed coherent response is qualitatively
explained by the fact that, due to the appearance of the
Abrikosov vortex filament, the transverse magnetic
field creates a periodic potential for the motion of
Josephson vortices under the action of direct and
highfrequency current [20]. In this case, the maxi
mum response frequency is determined by the number
of wells passed by the Josephson vortex in the period of
variation of the highfrequency field. It is specified by
the amplitude of the highfrequency current, i.e., is
proportional to the root of the radiation power. Sha
piro steps at lower frequencies are determined by the
number of periods at which the vortex is displaced in a
period of the highfrequency current in the sloping
potential. Josephson vortices are created in the system
by a weak parallel field and appear due to the entangle
ment of Abrikosov vortex filaments in magnetic fields
close to the conditions of the melting of the vortex lat
tice.
Elementary junctions synchronize because Abriko
sov vortex filaments pass through all elementary junc

tions and create a common periodic potential for all
junctions.
3.3. Possible Applications
We proposed to use the observed effect to manufac
ture frequency converters based on a layered structure
with elementary Josephson junctions [22]. The fre
quency multiplication factor is determined by the
number of potential wells of the periodic lattice Abri
kosov vortices that are passed by the Josephson vortex
in the period of the variation of the highfrequency
current. We experimentally studied mesas that have
lateral sizes of 2 × 2 μm and contain about 100 elemen
tary junctions. A substrate with a mesa was placed on
the surface of a small permanent magnet, which gen
erated a magnetic field of 0.1–0.2 T across the layers.
The frequency of the external pump was 100 GHz. At
a pump power of about 10 mW, the boundary Shapiro
step is located at a voltage of 100 mV (Fig. 6), which
corresponds to a frequency of 1 THz, which is an order
of magnitude higher than the pump frequency. In this
case, the power transformation coefficient is estimated
as 10–4–10–3. To increase the transformation effi
ciency, one can use periodic arrays of mesas, as well as
mesas with a large number of elementary junctions.
Investigations indicate that the transverse magnetic
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Fig. 8. Current–voltage characteristic of the Bi2212 mesa
irradiated by 112.63GHz radiation in a transverse mag
netic field of 1 T at T = 20 K.

field can synchronize at least 2500 elementary junc
tions [23] (Fig. 8). The corresponding Shapiro step
under pumping by 113GHz radiation is located at a
voltage of about 0.6 V. These experiments indicate the
possibility of creating a volt standard based on struc
tures with the internal Josephson effect.
4. COHERENT EFFECTS IN GRAPHITE
The discovery of graphene and existence of mass
less carriers (Dirac fermions) refreshed an interest in
graphite, particular in nanographite, which contains
from several tens to several graphene layers. Scanning
tunneling microscopy, magnetoabsorption, and
Raman spectroscopy studies of thin graphite single
crystals show that the surface layer of natural graphite
is sometimes graphene on a graphite substrate. In this
system, the scattering of Dirac fermions is even much
smaller than in suspended graphene [24]. In this work,
perforated graphite nanocrystals in which the surface
transport is weakly shunted by the bulk of the sample
[25] have been investigated for the first time.
4.1. Aharonov–Bohm Effect on ColumnLike Defects
in Ultrathin Graphite and Graphene
Samples with thicknesses of 50–1 nm (bigraphene)
were obtained by flaking single crystals from natural
graphite using adhesive tape, followed by the subse
quent dissolution of the glue base of the tape in ace
tone and transfer of the sample on the substrate. Then,
the sample was thinned to atomic thicknesses in a soft
plasma of a beam–plasma reactor [26]. Nanoholes
(antidots) oriented along the c axis were obtained in
the samples by irradiation with either 90MeV Xe ions
(an antidot diameter of 24 nm) [25] or focused ion
beams (a diameter of 35 nm). Due to the presence of
antidots in both types of samples, there are oscillations
of the magnetoresistance that are periodic in the field
JETP LETTERS
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Fig. 9. Magnetoresistance of graphite single crystals with a
thickness of (a) 50 and (b) 1 nm, which contain column
like defects 24 nm in diameter with a concentration of c =
3 × 109 cm–2. Arrows mark the minima and maxima of
oscillations of the magnetoresistance. In both cases, the
period of oscillations is 7.6 T.

(H || c) with the period in the flux corresponding to the
flux quantum hc/e on the area of the antidot (Fig. 9a).
These oscillations are particularly well seen in the
ultraquantum limit in fields higher than 10 T, where
Shubnikov–de Haas oscillations cease, and are mani
fested up to very high temperatures (≈50 K).
The period of oscillations corresponds to the inter
ference of Dirac fermions under the condition that the
main contribution comes from the orbits located near
the edge of the antidot. This period is independent of
the thickness of the sample down to 1 nm [27]
(Figs. 9a, 9b), which indicates the decisive contribu
tion from surface graphene.
We attribute the observation of the Aharonov–
Bohm effect in samples of nonring geometry to the
manifestation of the Tammtype edge states, where
carriers rotate around the antidot as in a ring and in the
antidot, even in the absence of a magnetic field. If
these states were disregarded, the interference of nor
mal magnetic edge states that correspond to different
orbits hopping around the antidot would strongly sup
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Fig. 10. Oscillating part of the magnetoresistance of natural graphite single crystals with a thickness of 50 nm, ΔR = R(H)T –
R(H)33 K at temperatures T = 1.4–33 K for the (a) pure sample and (b) sample with columnlike defects with a concentration of
c = 3 × 109 cm–2 (see Fig. 9a). Vertical straight lines correspond to the maxima of ΔR(H) for the pure sample that correspond to
the condition Hn = H0ν, where H0 = 4.4 T, ν = 2/n, and n = 1, 2, 3, ….

press the effect. The theory of these edge states in
graphene was developed for halfplane [28] and
recently for the antidot [29]. According to [28], edge
states are characterized by the linear spectrum with the
velocity much lower than the Fermi velocity. The pre
dictions of the theory are in agreement with the results
of the observation of oscillations on structures with a
single antidot. The experimentally determined veloc
ity of carriers in the edge states is indeed an order of
magnitude lower than the Fermi value [30].
4.2. Fine Structure of Oscillations
of the Magnetoresistance
When examining the magnetoresistance of thin
graphite samples without antidots, we revealed a fine
fieldperiodic structure of the magnetoresistance. It is
shown in Fig. 10a with the subtraction of the nonoscil
lating background of the magnetoresistance that is
taken as the magnetoresistance at a temperature of
33 K. It is remarkable that this structure is also mani
fested in samples with a small number of columnlike
defects (Fig. 10b), where it is additively imposed on
the Aharonov–Bohm oscillations, which were consid
ered above. In fields higher than 4 T, the structure is
manifested as a series of peaks in magnetic fields given
by the expression
H n = H 0 / ( 2/n ),

(1)

where H0 = 4.4 T and n is an integer. The quantity 1/H0
corresponds to the period of Shubnikov–de Haas
oscillations for the dominant electron subsystem in
graphite at H < H0 [31, 32]. Consequently, the quantity

ν = 2/n at n > 2 can be considered as the fractional fill
ing factor of the ground Landau level.
In [33], on pyrolytic graphite samples, plateau fea
tures were also observed on the Rxy(H) curve under
condition (1) and H > 17 T. These features were attrib
uted in [33] to the existence of interacting pairs of
electrons (charged bosons [34]) for which the hierar
chy of states in the fractional quantum Hall effect
regime is described by the condition ν = 2/n [34]. The
existence of charged bosons in graphite is yet insuffi
ciently justified. The search for alternative explana
tions requires further investigations of these features,
in particular on graphite samples with various thick
nesses and in inclined fields.
Note that comparatively thick 0.5mm graphite
samples were examined in [33]. On our 50–100nm
samples, the effect is more pronounced. This may
indicate that this effect is attributed to the surface of
graphite, i.e., with Dirac fermions, as in the case of the
observed Aharonov–Bohm oscillations.
5. CONCLUSIONS
Coherent phenomena in various layered materials
in the presence of transport both along and across the
layers have been examined. The stimulation of the
charge density wave energy gap above the Peierls tran
sition temperature in NbSe3 has been revealed. The
synchronization of the response of elementary
Josephson junctions on Bi2Sr2CaCu2O8 + x mesostruc
tures to subterahertz radiation under the action of the
transverse magnetic field. On thin graphite and
graphene samples with columnlike defects, the Aha
ronov–Bohm effect has been revealed, which is due to
JETP LETTERS

Vol. 94

No. 6

2011

QUANTUM COHERENT EFFECTS IN LAYERED NANOSTRUCTURES

the contribution from Dirac fermions and indicates
the existence of edge states around a nanohole.
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